and PRESTO, Japan Science and Technology Agency (JST), Japan Learning a new language is difficult and time-consuming. Apart from dedicated classroom study, second language (L2) learners often lack opportunities to switch their attention to vocabulary learning over other daily routines. In this work, we propose a method that enables L2 learners to study new vocabulary items during their dead time, such as when commuting to school or work. We developed a smartphone application, VocaBura, which combines audio learning with location-relevant L1-L2 word pairs to allow users to discover new vocabulary items while walking past buildings, shops and other locations. Our evaluation results indicated that Japanese beginner level English learners were able to retain more vocabulary items with the proposed method compared to traditional audio-based study despite being less aware of L2 vocabulary acquisition having occurred. In our second study, we report on the level of English vocabulary coverage for L2 learning achievable with our proposed method. We discuss several design implications for educational technologies supporting second language learning.
is to the learner's native language (e.g., Japanese and English), the more time investment is needed to reach proficiency [5, 8, 16] .
In an effort to overcome these challenges, recent research on second language educational technologies have taken an approach to support microlearning (e.g., [8, 12, 34] ). Microlearning connotes short and sporadic opportunities during the day when a learner shifts their focus from other tasks to vocabulary learning [4, 8, 12] , such as studying by looking at a smartphone screen while waiting a train [4, 8] . Contextual microlearning approaches have further enriched traditional flashcard microlearning with contextually relevant information derived from nearby locations based on the learner's GPS coordinates [4, 8] . However, while approaches such as Edge et al. (2011) show promise and allow for new types of learning methodology, they still require the L2 learner to dedicate their time, albeit in short bursts, and shift their focus fully to the vocabulary learning activity.
Our goal is to support L2 vocabulary learning during daily routines, that is, while a user is focused on other tasks unrelated to vocabulary learning. In this work we introduce VocaBura (Figure 1 ), a context-aware audio-based vocabulary learning system, which enables L2 vocabulary learning during users' dead time [4, 8] , such as while walking to and back from work or school. In our approach, rather than the learner reading through L2 words from a dictionary or a smartphone flashcard application, they recall words related to real-life locations they pass during their walking commute. In other words, vocabulary learning occurs when L2 learners discover new vocabulary items by accident during another daily activity unrelated to L2 study. As a user is walking, the VocaBura application tracks their GPS coordinates in relation to locations along the route, such as convenience stores, restaurants and parks. The location information is used to generate word pairs in the user's native language (L1) and the L2 they are studying based on the information related to a location and location category (e.g., garden) available in online services such as Google Maps and Wikipedia. In predetermined intervals, the user will hear an audio of a L1-L2 word pair by accident when passing a location, and by doing so discovers a new L2 word that is relevant to the real-world location (Figure 1 ).
The design of the VocaBura learning method follows the cognitive theory of multimedia learning as well as dual-coding theory, where we provide both visual (i.e., the appearance of a location associated with a word) and auditory cues for each L2 vocabulary item [23, 24] . Secondly, VocaBura allows for encoding specificity and situated cognition during L2 vocabulary learning by linking each L1-L2 word pair to the context of use [2, 8, 33] , that is, a real-world location where a word may be used in practice. In this paper, we first focus on evaluating the efficacy of the VocaBura approach on L2 vocabulary recall. Secondly, we explore the potential coverage of English language words for L2 vocabulary learning with a fully automated VocaBura learning method.
In the following sections, we first discuss the related works and introduce our hypotheses and research questions. Next, we describe a controlled experiment with beginner level English language learners in which we compare the proposed VocaBura learning method with an audio-based L2 learning method, where the participants are fully engaged in the vocabulary learning task. Our experimental results suggest that beginner level English learners are able to retain significantly more English language words with the proposed method compared to the baseline audio-only learning method. Furthermore, we show that the participants were less aware that L2 vocabulary acquisition occurred when using the VocaBura method suggesting that they discovered at least some of the L2 words by accident while focusing on walking along a route between predetermined locations. Regarding our second study, we report on the number and difficulty level of English language words that can be studied using an automated VocaBura learning method, and by doing so demonstrate the efficacy of our approach for beginner and intermediate level L2 English learners. We further report on a case study, where we describe the potential L2 vocabulary coverage of the VocaBura learning method on two real-life walking routes. Lastly, we discuss how these results build upon and contribute to L2 microlearning, CTML and dual-coding theories, and draw practical implications for the design of novel second language learning technologies.
BACKGROUND AND RELATED WORK
The cognitive theory of multimedia learning (CTML) builds upon the assumptions that humans (or learners) have two separate channels for processing information; visual and auditory [23] . Secondly, learners have limited cognitive resources to process information in each channel at one time. Furthermore, learners actively process incoming information in to mental representations, and integrate these representations with other existing knowledge [23] . That is, CTML posits that learners do not interpret visual and auditory information in a mutually exclusive way, but rather dynamically organize this information to logical mental constructs as posited by the dual-coding theory [23, 24] .
Dual-coding theory is a cognitive theory which essentially suggests that information is represented as both visual and verbal concepts in the human mind [27] . While the visual and verbal information are stored in different channels, humans can make use of either type of information to recall both the visual and the verbal information separately or simultaneously. For example, when asked to recall the word 'apple', humans are able to also conjure the image of an apple stored in their mind. Conversely, when presented with an image of an apple, they can simultaneously conjure the verbal information representing the word 'apple'.
In relation to L2 vocabulary learning, Paivio and Desrochers (1980) proposed a version of the dual-coding theory for bilinguals. This model suggests that L1 and L2 concepts are interdependent and stored in a shared-system with the visual information [27, 28] . In other words, bilinguals are able to recall the related visual information based on either the L1 or the L2 word, and conversely, can recall both the L1 and the L2 words based on the same visual information. The third vector in this interdependent system is recalling a L2 word based on either L1 verbal information, the shared visual information or a combination of both [28] . The expectation, thus, in L2 learning approaches based on CTML is that supporting the dual-coding of visual information with L1-L2 verbal information during a L2 vocabulary learning phase may improve the recall of L2 words on a later date as the learners are able to recall the L2 words based not only on the L1 verbal information but also on the shared visual information [27, 28] .
Previous research in second language acquisition (SLA) have put these assumptions to test by combining visual (e.g., pictures) and auditory (e.g., phonology of written words) cues in L2 vocabulary learning (e.g., [3, 29, 37] ). Results from these previous works indicate that L2 learners recognize more new vocabulary items in post-tests when visual cues are presented alongside written text [3, 23, 24, 29, 37] . That is, by increasing the number of modalities in which learning material is presented, such as when combining textual captions with video [11] , L2 learners are able to retain more of the studied L2 words in their long-term memory [37] .
Second Language Microlearning
One of the oldest language learning methods, Rosetta Stone (1992), applies the principles described by CTML and dual-coding theories [23, 24] . The method combines audio and visual cues to help learners map mental representations of new L2 words without giving the L1 translations. Together with the audio-based Pimsleur system (1967), which predates CTML, these methods comprise the most popular lesson-based approaches. However, content in these lessons are typically provided in 20 to 30 minute chunks, which presents a challenge especially for learners who struggle with balancing the time investment between L2 study and other daily tasks [8, 13] .
Recent solutions to overcome problems with time management, as well as motivation to keep up daily vocabulary study, have focused on microlearning [12] . The concept of microlearning involves utilizing moments during a learner's day when they can momentarily shift their focus fully to a learning task [8, 12] , such as while waiting for a bus or a train. That is, instead of learners devoting 20 to 30 minutes a day to L2 study, microlearning approaches promote multiple short study sessions throughout the whole day.
Arguably, the first L2 microlearning method was the utilization of paper-based flashcards providing L1-L2 word pairs as the correct answer and the stimulus. The traditional flashcard approach has been since implemented in numerous software applications, often to automate the spaced repetition process of flashcard review derived from the Leitner system [13] . Such examples include Anki (2008), which allows users to create their own flashcard decks, or use pre-existing ones, and study them on either a PC or a smartphone interface [9] .
With the increase in computing power and portability of smartphones, recent L2 microlearning applications have added further modalities to the traditional flashcard learning method. For example, applications have combined audio-based learning with mobile flashcards, such as MemReflex [7] which supports text-based as well as audio-based flashcard review and quick succession retesting. Tip Tap Tones [6] , on the other hand, supports microlearning of Mandarin Chinese tonal sounds on a smartphone.
Besides combining visual and auditory information in L2 vocabulary learning, recent smartphone applications have also leveraged users' GPS location data to provide additional contextual information to L1-L2 flashcards. Situated cognition and encoding specificity in L2 vocabulary learning mean that words cannot be fully divorced from contexts, and are recalled the best when they are learned in the context of use (e.g., learning the word horticulture in a garden) [2, 8, 33] . MicroMandarin [8] supports contextual microlearning by combining contextually relevant content derived from nearby locations (e.g., shops, restaurants) based on users' GPS coordinates with spaced repetition of textual flashcards [13] . Similarly, Vocabulary Wallpaper [4] presents contextually relevant L1-L2 flashcards on learners' smartphone wallpaper instead of a dedicated L2 microlearning application to promote implicit acquisition of L2 vocabulary (i.e., by users accidentally glancing at the word pairs on their wallpaper).
However, while many of the studies on recent microlearning applications have reported promising results on L2 vocabulary acquisition, they still require users to shift their attention fully to the language learning activity in brief bursts. For example, Dearman and Truong (2012) reported that the users of Vocabulary Wallpaper focused on the L1-L2 flashcards on their smartphone wallpaper during their dead time, such as when waiting in line [4] .
That is, the learners intentionally shifted their focus to the smartphone screen when they had a moment of free time as opposed to learning the L2 vocabulary while doing other tasks with the smartphone.
Intentional, Explicit, Incidental and Implicit Vocabulary Learning
Second language vocabulary learning can occur in a multitude of situations ranging from formal textbook study to accidentally picking up new vocabulary when overhearing a L2 conversation. Intentional learning connotes activities where the learner's goal is to memorize lexical information, such as when a learner aims to commit a L2 word list to memory before taking a test [16] . Generally speaking, this type of learning is also explicit, meaning that the learner is conscious about learning occurring through hypothesis testing, for example, by iteratively checking their own progress [32] .
Incidental L2 vocabulary learning can be described by the perspectives in Krashen's Monitor Model [19] [20] [21] . Firstly, incidental vocabulary acquisition process is subconscious. That is, the learner is not aware that L2 vocabulary acquisition has occurred. Secondly, incidental L2 vocabulary acquisition requires minimum amount of cognitive effort. The third perspective in the Monitor Model states that incidental vocabulary acquisition occurs in a language environment where the L2 is prominent. In this study, we mainly focus on the first perspective; subconscious learning.
Much of the research conducted on incidental L2 vocabulary learning has focused on prolonged reading tasks, that is, incidental vocabulary learning through reading a book or a text passage [30] . Experimental results investigating L2 reading suggest that learners are able to recall more words they learned incidentally rather than intentionally (e.g., [1, 15] ), and audio support (i.e., narration) during L2 reading can enhance incidental vocabulary learning [22] . One study comparing reading and listening for incidental L2 vocabulary learning reported that while reading outperformed listening for incidental vocabulary acquisition, listening was beneficial for long-term vocabulary retention in advanced L2 learners [35] .
However, while incidental learning occurs non-explicitly (i.e., subconscious learning), the term connotes a conceptually different process to implicit learning [31] . Implicit learning is a psychological concept that means the absence of consciousness, whereas incidental learning is a pedagogical term that roughly means the lack of intention. The difficulty in differentiating between implicit learning and incidental learning stems from the unclear definition of the term consciousness [31] . In the context of L2 vocabulary learning, the question leading to the most terminological confusion seems to be whether unintentional learning can or cannot occur with consciousness.
Indeed, the definition of what constitutes as incidental learning, as opposed to intentional learning, has been through much debate in multiple academic disciplines including psychology and second language acquisition (SLA) (see, for example, [17] ). Despite this, as Hulstijn (2008) argues, the term incidental learning is not likely to gain strong theoretical meaning in the SLA field due to difficulties in defining what actually constitutes as incidental instead of intentional learning. For example, if a person reads a foreign language book for the purposes of increasing their L2 vocabulary and happens to pick up a number of new second language words, at which point can this vocabulary acquisition be considered incidental?
Hence, it is important to note that in our work we consider incidental learning as a more informal concept connoting learning that occurs non-explicitly while learners are focusing on other tasks unrelated to vocabulary learning [16, 17, 32] . However, in order to avoid terminological confusion between the multitude of research fields that examine this phenomenon we opt to use learning that occurs by accident in the present work. Our aim is to explore to what extent L2 vocabulary learning with the proposed VocaBura learning method occurs non-explicitly, or conversely, to what extent are users aware of vocabulary learning having occurred while they were focused on another task unrelated to L2 study -walking along a specified route.
Hypotheses and Research Questions
Firstly, we are interested in exploring how well beginner level English learners are able to learn and retain L2 vocabulary items with our proposed method compared to a traditional audio-learning method. We hypothesized that visual (i.e., appearance of a location) [4, 29, 30, 37] and contextual cues (i.e., context of use) [2, 8, 33] associated with audio-based verbal information during language learning would improve the recall and retention of L2 words for beginner level L2 learners:
H1a: Beginner level L2 learners of English are able to perform better in an immediate vocabulary recall test with the proposed method compared to an audio-only learning method.
H1b: Beginner level L2 learners of English are able to perform better in a delayed vocabulary recall test with the proposed method compared to an audio-only learning method.
Next, since VocaBura users will be focusing on an unrelated task (i.e., walking along a route), we want to know whether and to what extent vocabulary learning with our proposed method might occur by accident. That is, to what extent are learners aware of L2 vocabulary acquisition having occurred with our proposed method [19] [20] [21] . Hence, we asked the following research question:
RQ1: Are beginner level L2 learners more or less aware of vocabulary acquisition with the proposed method compared to an audio-only learning method?
Lastly, we explore the level of English vocabulary coverage for L2 learning achievable with an automated VocaBura learning method in our second study. In Study 2, we ask the following two research questions:
RQ2: How many English words can L2 learners study with our proposed automated method? RQ3: What difficulty level are the words L2 learners are able to study with our proposed automated method?
STUDY 1: METHOD 3.1 Overview
We conducted a laboratory experiment with a single factor (vocabulary learning method: VocaBura vs. baseline) within-subjects design. Seventeen native Japanese speakers participated in this experiment. They were asked to study 10 English vocabulary items with our proposed learning method (VocaBura) and 10 English vocabulary items with an audio-only learning method (baseline). We collected objective and subjective measures to assess the efficacy of our proposed learning method for L2 vocabulary recall (immediate and delayed), and participants' awareness of L2 vocabulary acquisition during the learning tasks.
Participants
Seventeen 2 native Japanese speakers participated in this experiment (11 female, 6 male). They were hired and compensated through a temp agency based on their self-reported low English language skill. Two of the participants had taken a standardized English language test (Test of English for International Communication, TOEIC), and reported scoring 400-450 out of 990 points. Fifteen of the participants had never taken a standardized English language test. The participants evaluated their English listening and reading proficiency on two 5-point scales (1=Not proficient at all, 5=Very proficient). Their average listening (M=1.56, SD=0.51) and reading (M=1.50, SD=0.51) self-evaluations indicated that they were not proficient in English (i.e., beginner level English learners). Their mean age was 35.00 (SD=6.08) years.
The reason why we focus on beginner level English language learners in Study 1 is two-fold. Firstly, beginner level language learners take considerably longer time to memorize even a small set of new L2 words compared to intermediate or advanced level learners [16] . Hence, we attest that beginner level learners as a user group would benefit from the VocaBura learning method the most. Secondly, we wanted to use a naturalistic approach in the controlled experiment, where the learning corpus is created based on real information available online. That is, advanced learners may already have a large L2 vocabulary making it challenging to control for the difficulty of L2 words and participants' pre-existing knowledge without using a pseudo language.
Learning Corpus
We created a Japanese (L1)-English (L2) location-based audio learning corpus consisting of 20 word pairs ( Figure  2 ). For the purposes of this study, we chose five locations and shops along a simple walking route that were distinguishable regardless of the time of the day within a university campus. We then extracted the location name, category (e.g., garden, convenience store) as well as any direct link web page from Google Maps 3 , and searched for closest match Wikipedia article in Japanese 4 . Next, we used GensenWeb 5 to extract a ranked keyword list based on the textual content in the Wikipedia articles and direct link web pages [25] . The semi-automatically created keyword list was first cleaned by omitting proper nouns, compound nouns and Wikipedia system terms, and then translated to English using Google Translate 6 . In order to control the difficulty of the Japanese-English word pairs, we filtered out all beginner level English words that the participants might be familiar with using the difficulty ratings in Weblio Japanese-English dictionary 7 . Weblio includes a numerical score between 1 (easy) and 16 (difficult) indicating the difficulty level of each English language word within its database 8 . The corpus was fully randomized to two sets of 10 L1-L2 word 3 pairs for each participant (10 word pairs for the VocaBura method and 10 word pairs for the baseline method per participant). We chose the number of words in each set to match that of previous works with similar learning tasks, where the size of L2 learning corpora have generally ranged from 8 to 15 words [18, 26, 36] .
Lastly, all Japanese and English word pairs were transformed to mp3 audio using Sound of Text text-to-speech software with a female voice 9 . Each participant was assigned two random sets which they would study with the proposed VocaBura method and the baseline learning method, respectively. The average difficulty level for the VocaBura learning corpus was 7.64 (SD=0.80, Range=2.4), and the average difficulty level for the baseline corpus was 7.96 (SD=0.80, Range=2.4). Results from a two-tailed t-test indicated that there was no significant difference in the English vocabulary difficulty between the VocaBura and baseline corpora (t [33] =1.20, p=n.s.).
VocaBura Application and Equipment
In this work, we asked the participants to use a stand-alone version of our proposed L2 vocabulary learning mobile application, VocaBura. The application tracks a user's GPS coordinates in real-time as they are walking past various locations. When the user arrives within a 25-meter radius from a target location, the VocaBura application will play an audio of a location-related L1-L2 word pair created by the process described in Chapter 3.3. The 25-meter radius was determined as a cutoff point based on results from a preliminary experiment to balance inaccuracies in GPS tracking, visibility of the target location from the user's point of view, and users' average walking speed [10, 14] . More specifically, in our initial prototype we set the radius at 30 meters for our preliminary experiments, but this lead the audio of word pairs to occasionally play before the target location was visible, especially for participants with slower walking speeds.
The VocaBura application was installed in a Nexus 6 Android smartphone with GPS functionality. The VocaBura user interface included a check sum on whether an audio file was played in the correct location for monitoring purposes and no other textual or visual content. In the baseline condition, the participants were given an iPad tablet. The baseline audio learning interface included an indicator signifying when 90 seconds had passed, which prompted the participants to listen to the next audio file. The 90 second indicator roughly matched the time it took participants to walk from one location to another in the VocaBura condition. The user interface included no textual content. The participants were given non-noise cancelling outer-ear headphones to listen to the L1-L2 audio.
In both conditions, the participants first heard an audio cue of three consecutive beeps before the Japanese-English audio as a notification that the next L1-L2 word pair was approaching. Audio of the L1-L2 word pairs were played three times with approximately one second pause between repetitions. These design choices were made based on feedback from a preliminary experiment [10, 14] . Participants in our preliminary experiment suggested adding an indicator that would inform them when a location related to a word was approaching to help them memorize the L2 words, which they had only heard once [14] . Hence, in addition to shortening the radius around each location, we added the audio-based notification sound, and increased the number of times a L1-L2 word pair audio was played from our initial VocaBura prototype.
Task and Procedures
All participants took a written pre-experiment vocabulary test in which they were presented with the 20 English words they were going to study during the experiment in randomized order. The participants were asked to translate any English words they knew to Japanese or leave their answer blank if they were unfamiliar with the word. This test was to ensure that none of the participants had previous knowledge of the second language words to be studied during the experiment. After filling the pre-experiment vocabulary test, they were given instructions on the L2 vocabulary learning tasks. In the VocaBura condition, the participants were told that their task was to walk a predetermined route within a university campus, and that during the walk they would hear an audio of L1-L2 word pairs in the vicinity of certain locations ( Figure 3 ). In total, the participants passed by five locations twice (forth and back), and heard an audio of different L1-L2 word pair each time (10 word pairs). The VocaBura learning task took a total of 15 minutes to complete. The participants completed the audio-only baseline condition on a different day one week after the VocaBura condition. In the baseline condition, the participants were asked to move to an outside public space within a university campus and either sit or stand while studying the L1-L2 word pairs. In the baseline condition, the participants listened to 10 L1-L2 word pairs in similar audio as in the VocaBura condition (three beeps and three repetitions) in 90 second intervals. The baseline learning task took a total of 15 minutes to complete.
After each learning session (10 word pairs), the participants were asked to return to the testing area and turn in their equipment. Once the participants were seated, they were asked to take a vocabulary recall test (immediate test), where they listened an audio of each English word in randomized order and wrote down a translation to the word in Japanese. The delay of approximately five minutes between the learning task and testing also served a function of minimizing the recency effect in the vocabulary recall test. After finishing the recall test, the participants filled an online survey about their learning experience.
After one week (7 days) the participants took a delayed recall test, where they listened to the same English words as in the immediate test in a randomized order and translated them to Japanese. They were not given any feedback on their vocabulary recall performance after neither the immediate nor the delayed test.
We collected four types of measures: manipulation checks to ensure participants had no pre-existing knowledge of the L2 English words in the experiment corpus and that they heard the assigned words in their assigned locations, objective L2 vocabulary recall (immediate and delayed) to assess participants' learning performance, and a survey item measuring the participants' perceptions on L2 vocabulary acquisition.
Manipulation checks. The participants' pre-existing knowledge of the L2 English words was assessed in a pre-experiment written vocabulary test where they were asked to translate 20 English words to Japanese. Secondly, we gathered automated log data on whether the VocaBura software played the audio of L1-L2 word pairs in their assigned locations. In addition, we asked each participant whether they missed any of the words, for example, due to hardware malfunction.
Second language vocabulary recall. The participants' L2 vocabulary recall was measured in two tests; immediate and delayed. In both tests, the participants were asked to listen to an audio of the English words they studied during the learning task and write down the Japanese translation of each word. The immediate recall test was administered approximately five minutes after the learning task finished. The delayed recall test was administered after one week (7 days) for each experimental condition. In all tests, the order of the English words was fully randomized between the learning session, the immediate test and the delayed test. The participants score (0-10) was used as a measure of second language vocabulary recall.
Awareness about vocabulary acquisition. The participants' perceptions about their vocabulary acquisition was measured by a post-experiment questionnaire item which asked "how many new English words do you think you learned using this system?"
STUDY 1: RESULTS

Manipulation Checks
Seventeen participants scored 0 points out of 20 in the pre-experiment vocabulary test. One participant had pre-existing knowledge of the L2 English words in our experiment corpus (score of 4 out of 20), and their data was omitted from the following analyses. Automatically gathered log data and participants' self-reports indicated that all participants heard the audio of 10 Japanese-English word pairs at their designated locations in the VocaBura condition, and 10 word pairs in the baseline condition (100 percent).
Second Language Vocabulary Recall
Our H1a and H1b predicted that beginner level English language learners would perform better in the immediate and delayed L2 vocabulary recall tests, respectively, when they used the VocaBura learning method compared to an audio-only baseline method. To test our hypotheses, we compared the participants' average scores (0-10) in the immediate and delayed recall tests between the two learning methods. Secondly, we calculated the number of unlearned words for each participant (i.e., forgetting rate) and compared the average number of unlearned words between the two learning methods (Figure 4) .
Results from a paired samples t-test indicated that the participants' mean score in the immediate vocabulary recall test was not significantly different between the VocaBura learning method (M=4.41, SD=2.40) and the baseline method (M=5. 18 These results indicated that contrary to H1a, beginner level English learners' performance was not significantly different in the immediate recall test when comparing the two learning methods. However, consistent with H1b, the participants scored significantly higher in the delayed recall test, and unlearned (i.e., forgot) significantly fewer English words with the proposed VocaBura method compared to the baseline learning method.
Awareness about Vocabulary Acquisition
In our RQ1, we asked whether beginner level English language learners would be more or less aware of L2 vocabulary acquisition with the proposed VocaBura learning method compared to an audio-only baseline method. Results from a paired samples t-test indicated that on average the participants estimated that they learned significantly fewer English words with the VocaBura method (M=2.82, SD=2.21) compared to the baseline method (M=4.65, SD=2.45): t [16] =2.42, p<.05. This result partially answered our RQ1. The participants were less aware that vocabulary acquisition had occurred with the proposed VocaBura learning method compared to the baseline method.
STUDY 2: L2 ENGLISH VOCABULARY COVERAGE WITH THE VOCABURA LEARNING METHOD
In Study 1, we investigated the level of L2 vocabulary recall with our proposed learning method. For the purposes of Study 1, we prepared a learning corpus specifically targeted at the participant demographic (i.e., Japanese beginner level English language learners) via a semi-automated process including a human review ( Figure 2) . In Study 2, we shift the focus on the generalizability of a fully automated VocaBura system, and explore the potential L2 vocabulary coverage with our proposed learning method. Figure 5 illustrates the automated process for generating a location-related word list based on a location category. For the following analyses, we use all Google My Business 10 categories listed before February 2018 11 . Google My Business categories reflect all possible location categories available in Google Maps, including public services such as parks and schools, which are editable by Google users and hence subject to changes, omissions and additions over time. We searched for a matching article in the English Wikipedia for each of the categories using a full-text search algorithm (CirrusSearch 12 ), which produced a Wikipedia page related to 3982 of the location categories. We then automatically extracted the textual content (i.e., sentences) within each article, and generated a keyword list for each location category by inputting all extracted text to Gensen Web keyword extractor 13 . By this process we were able to automatically generate an individual English word list related to each of the 3982 location categories. It is important to note that while each word list is generated based on the information available in Wikipedia for each Google My Business category, our method does not presently consider the level of relatedness of individual words within these lists to a specific location, and this aspect of our approach is part of our future work. Secondly, the reason for focusing on English in this study is two-fold. English Wikipedia is currently the largest Wikipedia language version available, and offers the potential for creating the largest learning corpus. Secondly, English is a popular second language studied in Asia, and thus using English as the target language caters to the initial target user group for VocaBura (see also: Study 1).
Vocabulary Coverage for L2 Learning
We used two types of English language vocabulary corpora to explore the potential coverage of our approach. The ALC 14 Standard Vocabulary Level (SVL) list is aimed at Japanese English language learners, and includes 12,000 English words divided to 12 difficulty levels. In the ALC SVL list, levels 1 to 5 (i.e., the first 5000 words) include the vocabulary needed to pass the English language test in a Japanese university entrance examination, whereas the levels 1 to 10 (i.e., the first 10,000 words) include the English vocabulary needed to gain the highest score in TOEIC standardized English language test. Levels 11 and 12 include advanced vocabulary considered to be essential for fluent conversation with native speakers 15 .
The second corpus is comprised of five individual corpora from the New General Service List 16 . We included the Core General English Words (NGSL) list including 2800 words, Core Spoken (NGSL-S) list with 700 words, Academic Words (NAWL) list with 960 words, TOEIC Words (TSL) list with 1200 words, and Business Words (BSL) list with 1700 words in our analyses. Combined, these corpora include 7360 English language words that cover approximately 92 percent of vocabulary used in English language texts and spoken content.
6.1.1 SVL coverage. Figure 6 illustrates the coverage of the VocaBura method for each of the 12 vocabulary difficulty levels in the SVL corpus. We explored how many words in the SVL corpus are covered by the locationrelated word lists by randomly selecting L locations from the total of 3982 locations, where L was increased from 1 to 3982. The VocaBura method is able to cover 9949 out of the 12,000 words (82.9 percent) within the whole corpus when using all available location-related word lists (L=3982). Figure 7 illustrates the SVL coverage when setting the number of randomly selected locations to 100. This number roughly represents the number of locations with different location categories a user would pass when walking approximately 1500 meters within a large city (see: Chapter 6.2). The data shows that VocaBura can cover approximately 50 percent of the beginner level vocabulary within 100 locations, and maintains over 30 percent coverage up to SVL level 5. However, for advanced level L2 vocabulary (SVL 11 and 12), the coverage is less than 10 percent. For SVL level 1, 232 words were not included in any of the location-related word lists generated by Gensen Web (Figure 5 ). These words include English articles, pronouns, and basic verbs and adverbs. Figure 8 illustrates the coverage of the VocaBura method for the New General Service List corpora. We explored how many words in the corpora are covered by the location-related word lists by randomly selecting L locations from the total of 3982 locations, where L was increased from 1 to 3982. The VocaBura method is able to cover 6805 out of the 7360 words (92.5 percent) within the New General Service List corpora when using all available location-related word lists. Figure 9 illustrates the New General Service List coverage when setting the number of randomly selected locations to 100. The data shows that VocaBura can cover approximately 70 percent of the beginner level Core General English Words (NGSL) vocabulary within 100 locations and nearly all of the Core Spoken (NGSL-S) list. For the specialized vocabulary lists, the coverage was approximately one third of each corpus (NAWL, TSL, BSL). Similarly to the SVL corpus, English articles, pronouns, and basic verbs and adverbs were not covered in the Core General English Words (NGSL) list. 
New General Service List coverage.
Use Case of Long-term L2 Vocabulary Acquisition Potential with VocaBura
In this section, we present a use case of L2 vocabulary acquisition potential with VocaBura by using data from the real-life walking commute routes of two individuals working in a large city. For this analysis, we first identified the walking commute for the first and second author (hereafter Route A and Route B), and then extracted all location data from Google Maps along these routes. The routes did not overlap at any point and were unique in the sense that Route A was along a busier main street, whereas Route B followed a comparatively quieter side street in the same general area.
Route A measured at approximately 1050 meters one way and included a total of 122 unique locations available through Google Maps at the time of writing. These locations belonged to a total of 72 unique Google My Business categories. One location category, including three unique locations, was added to the My Business categories after February 2018, and we omitted these locations from the use case. The final data set for Route A included 119 unique locations belonging to 71 unique location categories.
The most common location categories were 'cafe' at 13 locations, 'convenience store' at 7 locations, and 'coffee shop' at 4 locations. The rest of the location categories included variations of the restaurant-category (e.g., 'Thai restaurant', 'Chinese restaurant') with one to two unique locations each, and various other location categories commonly found in a large city proper, such as 'ATM', 'auditorium' and 'post office'. Route B measured at approximately 750 meters one way and included a total of 71 unique locations belonging to 50 Google My Business categories. One category representing one location was added after February 2018, and was omitted from this use case. The final data set for Route B included 70 unique locations belonging to 49 unique location categories. The most common location categories were 'parking lot' at 8 locations, and 'corporate office' and 'cafe' both at 4 locations. The rest of the location categories included various shops (e.g., 'home goods store', 'hair salon') and restaurants (e.g., 'steak house', 'Italian restaurant'). In total, there were 19 location categories that were shared between Route A and Route B. That is, Route A had 52 location categories not appearing on Route B, whereas Route B had 30 location categories not appearing on Route A.
Next, to investigate the potential L2 vocabulary coverage for Route A and Route B we used the process described in Figure 5 to create two route-specific word lists and calculated the vocabulary coverage for both routes in the SVL corpus and the New General Service List corpora. Figure 10 illustrates the number of unique and overlapping words for Route A and Route B for each SVL difficulty level. Figure 11 illustrates the number of unique and overlapping words on each route for the New General Service List corpora. The data illustrated in Figure 10 reveals that the majority of overlapping words on the two routes are beginner level vocabulary (SVL1 -SVL5). However, both routes also include a considerable number of unique words to the route and the locations along it. Overall, this data suggests that VocaBura users could study approximately 400-500 unique English words up to SVL5-level on either of the routes defined in this use case. Similarly to the SVL corpus, overlapping words in the New General Service List corpora on these two routes are mainly in the NGSL corpus including the core English vocabulary. On average, Route A and Route B have unique coverage of 274 NGSL, 47 NGSL-S, 89 NAWL, 126 TSL and 173 BSL words in the New General Services List corpora ( Figure  11 ).
When matched with the parameters of our Study 1, beginner level VocaBura users could theoretically cover the unique vocabulary in both the SVL corpus and the New General Service List corpora along either of the example routes within approximately one and a half months by studying 20 words on each working day (10 words per walking direction). Depending on the user's walking speed, either route would take approximately 10 to 15 minutes to complete one way.
DISCUSSION
In Study 1, Japanese beginner level English language learners used a context-aware audio-based L2 vocabulary learning method, VocaBura, to discover new English language words by accident while walking. Our findings indicated that they were able to retain significantly more new L2 words in their long-term memory compared to an audio-only baseline learning method with which they could fully focus on the learning task. Secondly, the participants reported as being aware of learning significantly fewer words with the proposed VocaBura method compared to the baseline audio-only learning method. In Study 2, we uncovered the level of L2 English vocabulary coverage achievable with the VocaBura method. Our results contribute to CTML and dual-coding theories, as well as increase our theoretical understanding on audio-based L2 incidental microlearning while walking. We further discuss the practical design implications arising from our two studies for the development of context-aware and audio-based L2 microlearning applications.
Contextual L2 Microlearning while Walking
Our results suggested that combining visual (i.e., appearance of a location) [3, 23, 24, 29, 37] and contextual cues [2, 8, 32] with audio-based verbal L1-L2 information improved the long-term retention of new L2 words for beginner level English language learners compared to audio-only L2 learning. Open-ended comments from our experiment participants also reflected how the interdependent visual and verbal information as well as the contextual cues from real locations helped them memorize the L1-L2 word pairs.
"It was easy to store information in your brain when you could associate the things that you saw with your eyes to things that you heard. " (participant ID12) "I thought it was easy to remember the words since they were related to real locations. " (participant ID3) Firstly, this result supports the assumptions of CTML and dual-coding theories [23, 24] , suggesting that the combination of visual and verbal information improves the retention of L2 words [37] . However, our present results do not answer whether or not these added cues aided the L2 learners in the immediate recall test ( Figure  4 ). Secondly, our results contribute to the literature on the efficacy of contextual microlearning methods for L2 vocabulary acquisition. Previous works have reported on the number of learned words [8] as well as the recall of new L2 vocabulary items [4] studied with a text-based contextual microlearning application. However, to best of our knowledge, our study is the first to report on both immediate and delayed vocabulary recall of L2 words learned with an audio-based contextual microlearning method while the learners are walking.
L2 Microlearning by Accident
According to Krashen's Monitor Model, incidental L2 vocabulary learning is subconscious [19] [20] [21] . That is, L2 learners may learn new words by accident when watching a TV show or overhearing a conversation while having no awareness of acquiring the new vocabulary [31] . In this work, our goal was to explore to what extent L2 vocabulary learning with our proposed VocaBura learning method would occur by accident while learners are focused on another task -walking along a route.
Our results suggested that beginner level English language learners have significantly lower awareness of vocabulary acquisition having occurred when using our proposed method compared to a baseline audio-only learning method. Approximately 40 percent of the L2 vocabulary that the participants recalled correctly in the immediate test were words that they learned without awareness while focusing on walking and using the VocaBura learning method. Conversely, the participants reported as having no awareness of learning for only 10 percent of the words they studied with the baseline method and recalled correctly in the immediate test. This indicated that while the learners were focused on walking, they were unaware of learning L2 words related to the locations they passed [16, 17, 31] , but were regardless able to recall these words without awareness of learning having occurred.
These results can be further explained by open-ended comments from the participants regarding the VocaBura learning task.
"I was more interested in the scenery than the English words. " (participant ID13) "There was a lot of information to process when walking past a new location, so it was quite difficult to focus on the words. " (participant ID14)
The walking route used during the experiment was unfamiliar to the majority of the participants and this may have affected their attention during the VocaBura learning task. On one hand, some participants were focused on the new scenery, as would real users who are familiarizing themselves with their surroundings. On the other hand, the participants also reported being focused on processing the rich information from the unfamiliar real-life locations rather than focusing on the words they heard while walking. Thus, the participants' self-reports further suggest that they were focused on the task of walking and scanning their surroundings rather than the L2 vocabulary learning task. However, further evidence is needed to explore how users' familiarity with their walking route might affect their attention and the recall of L2 words.
These results suggest that the VocaBura learning method may at least partially promote L2 learning that is akin to incidental learning. Previous works suggest that readers recall more words they learned incidentally rather than intentionally [1, 15] , and that audio-based learning may be beneficial for incidental vocabulary acquisition [22, 35] . However, we are hesitant to make definite assumptions regarding the mental processes related to L2 learning with the VocaBura method without further experimentation. Hence, we conclude that while the VocaBura method requires learners to be focused on an unrelated task during L2 vocabulary study, they are still able to acquire new L2 vocabulary by accident and retain this vocabulary in long-term memory better than with a traditional audio learning method.
Potential L2 Vocabulary Coverage of Automated VocaBura Learning Method
In Study 2, our aim was to explore to what extent an automated VocaBura learning method would cover English vocabulary for L2 learners. That is, how many words are L2 learners able to study with our proposed method, and what difficulty level are these words.
While our proposed method is capable of reaching a high level of coverage in the two L2 English corpora (ALC SVL and New General Service List) used for our evaluation, reaching the high coverage level would require learners to walk past thousands of different locations. In our second analysis, we set the number of locations to 100 which roughly corresponds to the number of possible locations within a walking distance in a large city (see: Chapter 6.2). The results from this analysis suggested that by using our proposed method beginner and intermediate level L2 English learners could study between 30 to 50 percent of the required vocabulary to reach the next level of proficiency in the ALC SVL. However, the VocaBura method offers less coverage for advanced learners since as the difficulty of L2 words increases their usage in English language Wikipedia articles related to locations and location categories decreases. To lesser extent, this is also the case for specialized academic and business vocabulary, where our proposed method can cover approximately one third of the New General Service List specialized corpora. However, the VocaBura method is able to cover approximately 70 percent of the NGSL Core General English words and nearly all of NGSL-S Core Spoken words, which combined correspond to approximately 87 to 94 percent of basic English language vocabulary used in texts and spoken dialogues 17 .
In our third analysis, we introduced two real-life walking commutes as use cases. The data extracted from these routes followed a similar pattern as with our theoretical 100 location models, where the majority of words covered by our method were of beginner and intermediate level ( Figure 10 ). While there was some overlap in location categories between the two example routes, the majority of locations were unique to each route. Subsequently, our data showed that while there was overlap in terms of L2 word coverage along the example routes, they also included considerable number of vocabulary that were unique to the route for both the SVL corpus and the New General Service List corpora (Figure 10, Figure 11 ). Our data showed that learners using the VocaBura method could potentially study approximately 400-500 unique L2 words up to SVL5-level and approximately 700 unique words in the New General Services list corpora in one and a half months by walking either of the commute routes on every working day. Moreover, this analysis revealed that beginner and intermediate level L2 learners could increase the number of new vocabulary they are able to study with VocaBura by simply modifying their daily walking commute. This real-life use case further highlights the potential of our proposed learning method in a large city, but future studies should also analyze the vocabulary coverage in smaller cities and less populated areas.
Altogether, these results demonstrate the efficacy of our approach for beginner and intermediate level English language learners. We argue that the VocaBura learning method can be useful for both acquiring new L2 vocabulary while walking, but also for reviewing vocabulary already studied in a classroom setting. We believe that using VocaBura alongside formal language study could increase the speed in which beginner and intermediate level English learners reach advanced language proficiency, and ultimately fluency in their second language.
Design Implications
Our results indicated a number of opportunities for design to improve the efficacy of contextual L2 microlearning applications.
7.4.1 L2 vocabulary learning as a daily routine. The first design implication arising from our results is the opportunity to implement audio-based and context-aware L2 vocabulary learning in the background of users' daily routines. That is, L2 learners who walk the same route to work or school every day could make use of the familiar locations and contextual audio-based microlearning to study and review new L2 vocabulary. For example, the VocaBura method could be integrated with a music player so that the music would be gradually muted as the learner approaches a location, as opposed to the audible cue used in our Study 1 experiment. This type of application could be used in addition to classroom work and textbook study, where beginner and intermediate level learners could increase the speed of acquiring new L2 vocabulary by discovering new words not yet covered in formal lessons, or by reviewing already covered vocabulary in the context of use. Secondly, the system we introduced in this work did not yet include a functionality similar to spaced repetition of flashcards used in MicroMandarin or Anki applications [9, 13] . As is evident from our immediate recall results, beginner level learners may not be able to pick up all L2 words during one session with VocaBura, but would rather have to revisit already heard L2 vocabulary items on a later date. Conversely, already learned words should be repeated in longer intervals more as 'refreshers' (i.e., spaced repetition). One way to achieve this functionality would be to design and implement a vocabulary test application that the learners could use on their mobile phone after finishing their commute or walk. Results from this immediate vocabulary test could be then used to inform a spaced repetition algorithm on which words to omit as learned and which ones to include as not learned the next time the learner walks past the same location or location category.
Thirdly, our results suggested that the participants learned at least some of the L2 vocabulary without awareness, or by accident, when using VocaBura. While our experimental results indicated that L2 learners were able to retain more vocabulary items in their long-term memory with our proposed approach, lack of awareness about vocabulary acquisition may also introduce detrimental effects to L2 learners' motivation for prolonged language study. That is, if a learner's perception is that they did not acquire new vocabulary during their walk or commute while using a L2 microlearning application similar to VocaBura (i.e., no awareness of learning), they may cease to use the application prematurely. Hence, it is important to design for a feedback method which ensures users that they are making progress and acquiring new L2 vocabulary. Similarly to spaced repetition of L2 words, this functionality could be achieved by implementing a vocabulary recall test which then provides feedback on the results and overall learning progress. 7.4.2 Design for complementing motivations. Second language learning requires time investment and motivation from the L2 learner to keep up on daily basis [5, 8, 16] . Daily exercise is a similar activity in the sense that people need to adhere to a steady routine in order to keep up with their health or exercise goals. Instead of using separate apps for language learning and exercise support, our proposed approach offers the opportunity to combine the motivations for long-term engagement in both activities in one application.
Since our results support the notion that L2 learners can acquire contextually relevant vocabulary while simultaneously focusing on physical exercise such as walking, we recommend designing contextual L2 microlearning applications to complement daily exercise (e.g., running, walking) or sightseeing. Joggers and runners who might find it difficult to meet their exercise goals could find new motivation to jog if they could meet their L2 study goals simultaneously and track both their L2 study and exercise progress in one application. One way to achieve this type of application could be to combine the VocaBura system with an exercise application for either a smartwatch or a smartphone that uses the GPS functionality to track the joggers' progress.
Similarly, foreign students moving to a new country could benefit from an application that simultaneously supports sightseeing or getting familiar with the new surroundings (e.g., location-based audio guidebook) and L2 vocabulary learning during these activities or while transiting from one location to another (i.e., dead time). Combining language learning and sightseeing in one application could motivate foreign students to further their L2 vocabulary study since they would be simultaneously able to discover new and exciting surroundings in their new host country and locale. 7.4.3 Improving spatial contiguity in contextual microlearning with augmented reality (AR). One design implication arising from Study 1 is the need to support spatial contiguity in contextual microlearning applications. We recommend future development to consider secondary cues to either indicate the direction of a contextually relevant location, or artificially shorten the distance between the learner and the location. One way to achieve this would be to blow up a location image as an overlay to user's AR glasses so as to achieve an illusion that the location is nearby when studying a related L2 word.
7.4.4
Increasing location-related L2 vocabulary corpus coverage by word stringing. The results from our second study showed how an automated method for creating location-related L2 corpora omitted some beginner level and advanced level vocabulary items. On one hand, beginner level words were omitted due to their general use independent from context, while advanced level vocabulary was not found in location-related Wikipedia articles.
Our suggestion for increasing the coverage of automatically generated location-related L2 corpora is to automatically string together already learned words with either beginner or advanced level words that are not directly related to any location. One way to achieve this without breaking the contextual relevance of a word pair would be to automatically string already learned nouns within the corpus with an advanced level adjective. For example, learners may have studied the word waitress (SVL level-2 word) related to a restaurant location. The system could then string the word waitress with the word impudent (SVL level-12 word), and thus automatically increase the coverage of the location-related corpus. Similarly, beginner level words not initially covered in the corpus could be stringed with already learned location-related words to form sentences as the L2 learners advance in their studies.
Limitations and Future Work
In future work, we are interested in improving and expanding the VocaBura learning method to more naturalistic contexts. Firstly, we are planning on fully automating the L1-L2 word pair generation so that learners may make use of the application independent of their native language, L2 they are studying, or their locale. Our plan is also to design a version of the VocaBura application for exercise support and evaluate its efficacy in a longitudinal study. In this future work, we are interested in investigating aspects of learning motivation and long-term commitment to L2 vocabulary learning with our proposed approach independently, as well as in combination with traditional classroom study. Furthermore, while the learners in our experiment studied each word only once, we are interested in exploring ways to optimize a spaced repetition algorithm for the VocaBura learning method. Secondly, our system design introduced in Study 1 used a 25-meter radius around a location as a physical distance threshold to play the L1-L2 audio word pairs. This design choice was initially made based on preliminary experiment results to compensate for inaccuracies in detecting learners' GPS location while they were mobile [14] , but may have still affected the spatial contiguity during the VocaBura learning task. In future work, we are interested in exploring ways, such as the use of mobile AR, to improve spatial contiguity with visual, contextual and audio learning cues while L2 learners are walking.
Thirdly, one limitation in the design of Study 1 was the order of participants' exposure to VocaBura and baseline learning methods. Due to the absence of counterbalancing between the conditions, the participants' performance in the baseline condition may have been higher than expected for novice users. This is due to the fact that they were able to acclimate themselves to the artificial voice used for narrating the L1-L2 words in the VocaBura condition, and become familiar with the vocabulary learning and testing process in general. Open-ended comments from participants also reflected this assertion, where some participants felt they could not understand the L1 (i.e., Japanese) artificial voice.
"There were places where I could not understand what the Japanese [voice] was saying while walking. " (participant ID8)
"I thought it might be great to memorize words while walking, but many times I could not catch what the Japanese [voice] was saying. " (participant ID5) However, it is important to note that this limitation in the experimental design actually worked against our hypotheses, and future works with fully counterbalanced experimental conditions may result in lower immediate and delayed recall test scores with the audio-only baseline learning method than reported in this study.
Lastly, as mentioned in Section 6 as well, analyses in Study 2 did not consider the level of contextual relatedness of words to a specific location. That is, while the current VocaBura method extracts word lists based on the location information available in Wikipedia, it does not directly consider how well individual words within these lists relate to a specific shop, restaurant, park or other location. In future work, we are developing a method to link L2 words to specific locations by not only considering the business category but the individual business or location as well.
CONCLUSION
In this paper we introduced VocaBura, a context-aware audio-based vocabulary learning system which enables second language vocabulary learning during users' dead time, such as while walking to and back from work or school. We conducted a controlled vocabulary learning experiment with Japanese beginner level English language learners to evaluate the efficacy of our proposed approach. Our experimental results suggested that beginner level English learners were able to retain significantly more English language words with the proposed method compared to a baseline audio-only learning method. Furthermore, we showed that since learners had to focus on walking while studying with the VocaBura method, they acquired a significant portion of the new second language vocabulary without awareness, or by accident. Results from our second study detailed to what extent a fully automated VocaBura system can support beginner and intermediate level English language learners' vocabulary acquisition and complement formal classroom study. Our findings contribute to second language acquisition and microlearning literature, and suggest several ways that future language learning tools could better support contextual second language microlearning.
